An ab-initio DFT study of electronic structure of SrMO 3 perovskites (M = Rh and Ru)
Ferroelectric ABO 3 perovskites have been the subject of extensive studies since they exhibit rich electric characteristics potentially useful in fundamental research and technological applications. 1 Among them lead titanate, PbTiO 3 ͑de-noted as PTO͒ has a characteristic unit cell that contains a highly polarizable TiO 6 octahedron, which gives rise to ferroelectric characteristics. 1, 2 Theoretical calculations showed that Ti 3d and O 2p hybridized states and the Pb-O covalent bonding crucially cause the ferroelectric instability in PTO. [3] [4] [5] While previous extended x-ray absorption fine structure studies of ferroelectric titanates revealed the offcenter displacement of Ti. 6 Introducing Ca was found to reduce both the tetragonal distortion and the transition temperature of PTO. 7 Recently, compositional substitution of the A cation, Pb, in PTO by Ca and the effect on its electrical and structural characteristics have been studied by x-ray diffraction and Raman measurements. 8, 9 The x-ray diffraction measurement performed by Kuo et al. showed that as the Ca content in Pb 1Ϫx Ca x TiO 3 (PC x TO) increased from 0 to 1, phase transitions from tetragonal to cubic and then to orthorhombic occurred. 9 In this study, O K-and Ti L 3,2 -edge x-ray absorption near-edge structure ͑XANES͒ measurements and first-principles electronic structure calculations 10 are performed to better understand the influence of Ca substitution on the electronic structure of PC x TO perovskites.
Room temperature XANES spectra at O K and Ti L 3,2 edges were obtained using a high-energy spherical grating monochromator beamline by the fluorescence and sample current modes, respectively, at the National Synchrotron Radiation Research Center, Hsinchu, Taiwan. Powdered PC x TO samples were synthesized using the sol-gel technique. Theoretical calculations of Pb 0.5 Ca 0.5 TiO 3 were based on the firstprinciples pseudopotential method with the local-density approximation, 11 the computation details are given elsewhere. 10, 12 Figure 1 presents the O K-edge XANES spectra of PC x TO (xϭ0.2-0.9͒, PbTiO 3 (xϭ0, PTO͒, CaTiO 3 (xϭ1, CTO͒ and the reference TiO 2 . These spectra are normalized to the same area in the energy range between 550 and 570 eV ͑not fully shown͒. The features marked by A 1 to D 1 in the spectra of PC x TO and TiO 2 are centered at ϳ530.8, 532.4, 533.6, and 536.0 eV, respectively. The inset in Fig. 1 presents a magnified view to better resolve features A 1 -D 1 . In these spectra, the background intensity was subtracted from a bestfitted Gaussian curve as indicated by the dashed lines. These features are best resolved with two peaks for CTO and TiO 2 . Similar two-peak structures at the threshold of the O K edge were also observed for other 3d-transition metal oxides. 13 The two-peak structures, marked by A 1 and C 1 , in the CTO and TiO 2 spectra, are contributed by O 2p and Ti t 2g and e g antibonding orbitals, respectively. Fig. 4 , which presents the integrated areas of ⌬A 1 ϩ⌬C 1 , ⌬B 1 , and ⌬D 1 . The decrease of the ⌬B 1 area and the increase of the ⌬D 1 area with the increase of x are approximately linear. In contrast, the variation of the ⌬A 1 ϩ⌬C 1 area can be roughly separated into three regions, which suggests that the structural transitions of PC x TO are correlated primarily with the O-Ti hybridization. Figure 4 shows that the substitution of the A cation, Pb, by Ca not only decreases the O 2p -Pb 6p but also O 2p -Ti 3d hybridization. Ca has a smaller electronegativity than other two cations, Pb and Ti ͑1.0 vs 2.33 and 1.54, respectively͒.
14 Thus, electron charge is transferred from the Ca cation to both Pb and Ti cations in PC x TO, which reduces the positive effective charges on Pb and Ti ions. Thus, the attractive Coulomb potentials at the Pb and Ti sites are reduced, which raises Pb and Ti orbital energies and reduces both O 2p -Pb 6p and O 2p -Ti 3d hybridization.
Earlier theoretical calculations suggested that the ferroelectric transition occur as a result of a balance between the long-range Coulomb interaction and the short-range force. 3 Zhong et al. also discussed the correlation between Coulomb interaction and the ferroelectric states 15 and argued that the Coulomb interaction leads to the splitting of LO and TO ferroelectric phonon modes. In recent studies of Pb-based PC x TO 9 and Pb 1Ϫx Sr x TiO 3 , 16 Kuo et al. reported that the frequency difference between LO and TO modes decreases when PC x TO and Pb 1Ϫx Sr x TiO 3 transit from the tetragonal structure to the high-symmetry cubic structure. Kuo et al. interpreted their results as related to the reduction of longrange Coulomb interactions by enhanced Pb-O covalent bonding. However, based on present O K-edge results, it is argued in the following that the softening of the TO mode is not due to the enhanced Pb-O covalent bonding, but due to the reduction of Ti-O hybridization and Ti effective charge. The vibration frequency of the TO phonon mode is proportional to the square root of the force constant between cations and anions, which contains contributions from the attractive electrostatic Coulomb energies and hybridization. If the TO mode is contributed dominantly by the force constant between O and A cations, i.e., Pb and Ca, the TO mode will not soften by the substitution of Pb by Ca because Ca has a larger effective charge and enhanced Ca-O hybridization. Thus, the observed decrease of the LO-TO splitting suggests that the TO mode be contributed dominantly by the force constant between O and B cations, i.e., Ti ions. This argument is consistent with the understanding that ferroelectricity in PTO is due to the off-center displacement of B cation, Ti. Figure 5 displays the Ti L 3,2 -edge XANES spectra of PC x TO. These spectra are split into L 3 and L 2 regions by the spin-orbit interaction and each region contains t 2g and e g splitting by approximately 2 eV due to the crystal-field effect. In these spectra, features A 2 and B 2 (C 2 and D 2 ) correspond to the L 3 (L 2 ) edge with t 2g and e g symmetries, respectively. 17, 18 Feature B 2 has a splitting of about 0.5 eV ͑indicated by vertical lines͒ for PC x TO for x between 0 and 0.3. The inset in Fig. 5 highlights the splitting by subtracting the background using two arctangent functions shown by the dashed lines. Feature B 2 is contributed by Ti 3d e g subband, which contains 3d x 2 Ϫy 2 and 3d z 2 orbitals. Since 3d x 2 Ϫy 2 and 3d z 2 orbitals point to the four side-corner and the two apex O ions of the octahedron, respectively, the variation of the Ti-O bond lengths due to Ti off-center displacement cause the splitting of feature B 2 . In contrast, the 3d xy , 3d yz , and 3d zx orbitals of the t 2g subband point in directions between O ions, so that feature A 2 is not affected. The lack of splitting of feature D 2 may be due to the broadening of this higher energy feature. The similar splitting of 0.5 eV of the e g subband for xϭ0 -0.3 suggests that the Ti off-center displacement persists up to between xϭ0.3 and 0.4. When x ϭ0.4 and larger, the splitting of feature B 2 disappears, which suggests the restoration of the Ti ion to the center of the octahedron. The Ti L 3,2 -edge XANES results suggest that the ferroelectric property in PC x TO persists only up to a Ca concentration between 0.3 and 0.4. 
